The protein fraction of mesenteric lymph during acute pancreatitis and other critical illness is thought to contain toxic factors. However, we do not have a complete description of the mesenteric lymph proteome during acute pancreatitis. Objective The aim of this study was to define the proteomic changes in mesenteric lymph during acute pancreatitis. Setting Animal Laboratory, University of Auckland, New Zealand. Design Mesenteric lymph was collected from sixteen male Wistar rats randomised to Group 1 (n=8) with taurocholate induced acute pancreatitis and Group 2 (n=8) sham control. The lymph was subjected to proteomic analysis using iTRAQ TM (Applied Biosystems, Foster City, CA, USA) and liquid chromatography-tandem mass spectrometry. Results Two hundred and forty-five proteins including 35 hypothetical proteins were identified in mesenteric lymph. Eight of the 245 proteins had a significant increase in their relative abundance in acute pancreatitis conditioned mesenteric lymph, and 7 of these were pancreatic catabolic enzymes (pancreatic amylase 2, pancreatic lipase, carboxypeptidase A2, chymotrypsinogen B, carboxypeptidase B1, cationic trypsinogen, ribonuclease 1). Conclusions This is the first comprehensive description of the proteome of mesenteric lymph during acute pancreatitis and has demonstrated a significantly increased relative abundance of 7 secreted pancreatic catabolic enzymes in acute pancreatitis conditioned mesenteric lymph. This study provides a clear rationale for further research to investigate the efficacy of enteral protease inhibitors in the treatment of acute pancreatitis.
INTRODUCTION
Acute pancreatitis is a common inflammatory disease that remains a significant clinical challenge. For the third of patients who develop severe acute pancreatitis, the risk of mortality remains high at 20-30% [1, 2] despite improvements in resuscitation and intensive care support [3, 4] . The mortality is due to multiple organ failure, and this has a bimodal time course distribution. Early deaths, during the first week, are due to a fulminant cytokine mediated systemic inflammatory response syndrome and multiple organ dysfunction (MODS), without an overt septic focus [5] .
Later deaths, after 2 or more weeks, are due to MODS associated with infection of necrotic pancreas [6] . Many pathophysiological processes in acute pancreatitis have been described, but the critical factors that drive the MODS have yet to be fully elucidated [1] . There is a body of experimental work, largely derived from rodent studies, suggesting that mesenteric lymph, collected during critical illness, contains toxic factors [7, 8, 9, 10, 11 ] that contribute to the development of MODS and might be more important than translocated bacteria [12, 13] . Disease conditioned mesenteric lymph is reported to be toxic and associated with neutrophil dysfunction [14, 15] , bone marrow suppression [16] , and damage to pulmonary epithelial and endothelial cells [17, 18] . Indeed, Magnotti et al. reported that it was disease conditioned mesenteric lymph and not portal venous blood that caused increased endothelial cell permeability and lung injury [19] . This should not be a surprise because the anatomical route of the mesenteric lymph to the subclavian vein via the thoracic duct bypasses the liver. Therefore, unlike portal blood, mesenteric lymph is able to avoid any hepatic first-pass modification or detoxification, and potentially 'toxic' factors are instead delivered directly to distant organs (especially the heart and lungs). We have recently reported an increase in the histological severity of experimental acute pancreatitis with the peripheral administration of mesenteric lymph conditioned by mild intestinal ischaemia and reperfusion [1] . Other studies have demonstrated a protection against MODS in a model of hypovolaemic shock when mesenteric lymph is excluded by division [20] or ligation [21] of the main rodent mesenteric lymph duct or by diversion of the thoracic duct [16] . The toxic factors in mesenteric lymph that are responsible for these effects have yet to be identified, although some recent work has suggested the toxic factors are largely carried in the aqueous or protein fraction of mesenteric lymph [8] and that pancreatic enzymes may contribute to the toxicity of disease conditioned mesenteric lymph [10, 22, 23, 24, 25, 26] . We recently published the first comprehensive description of normal rodent mesenteric lymph in the fasted and fed states using the advanced proteomic techniques of isobaric tags (iTRAQ TM Reagent MultiPlex Kit, Applied Biosystems, Foster City, CA, USA) for relative protein quantitation together with LC-MS/MS (liquid chromatography-tandem mass spectrometry) for the identification of the component proteins [27] . The aim of this current study was to use these state-of-the-art proteomic techniques to provide the first comprehensive description of the mesenteric lymph rodent proteome associated with acute pancreatitis, and to determine whether there were any significant increases in the relative abundance of detected proteins compared with sham control mesenteric lymph.
METHODS

Animals
Sixteen inbred male Wistar rats (466±2.9 g; mean±SEM) fed a standard 18% plant protein derived rodent diet (Harlan Teklad 2018, Madison, WI, USA), were randomised to two groups. Group 1 (acute pancreatitis, n=8) had 90 minutes of acute pancreatitis followed by collection of mesenteric lymph for a further 60 minutes. Group 2 (sham control, n=8) had matched interventions and lymph collection to the pancreatitis group but without the induction of acute pancreatitis. In each case the surgery commenced at the same time each day (09:00) and animals were fed ad libitum.
Acute Pancreatitis Model
We used an established model of acute pancreatitis [28, 29, 30, 31] . General anaesthesia was induced by isoflurane (2-5%; 2 L/min O 2 via nasal cone). A tracheostomy was inserted (modified 14g angiocath) and connected to a small animal ventilator (Kent Scientific Corporation, Torrington, CT, USA). Balanced general anaesthesia was maintained with isoflurane (2-3.5%) and buprenorphine (0.05 μg/kg, s.c., Temgesic ® , Reckitt and Coleman, Hull, England). The fraction of inspired oxygen/air was 40%; the respiratory rate was 50-80 breaths per minute; and the peak inspiratory pressures 11-15 cmH 2 O kept the expired CO 2 at 35-45 mL/L as measured by a capnograph (Pryon Corporation, Menomonee Falls, WI, USA). Body temperature was maintained between 36-38°C by use of a warming plate. Maintenance fluid (0.9% sodium chloride, NaCl) was infused at 1-2 mL/h for the duration of the experiment via a femoral intravenous line. Mean arterial pressure was maintained between 80 and 100 mmHg with the use of intravenous NaCl and monitored using a solid-state 2F pressure transducer (Millar Instruments Inc., Houston, TX, USA) placed in the right femoral artery. The common pancreatic duct was cannulated with a 24g angiocath passed transduodenally into the pancreato-biliary duct through a 1.5 cm abdominal midline incision. The rostral part of the animal was raised 60° to the horizontal for 5 min to allow the biliary tree to drain (about 0.1 mL). During the last 2 min of this procedure, the common hepatic bile duct was occluded at the hilum of the liver (Biemer atraumatic vascular clip, AESCULAP, Center Valley, PA, USA). Sodium taurocholate (4% w/v in 0.9% NaCl; 0.1 mL/100 g BW; Sigma Aldrich Pty Ltd., Castle Hill, New South Wales, Australia) was infused at 0.1 mL/min by a controlled infusion pump (Genie Precision Pump, Kent Scientific, Torrington, CT, USA). The Biemer clip and angiocath were removed upon completion of the infusion, and the common pancreatic duct was ligated to prevent reflux of taurocholate into the duodenum. Severe acute pancreatitis was allowed to develop over a 90-minute period. We chose this relatively early time point and careful control of the blood pressure because we wanted to minimise the risk of hypotension and reflex splanchnic vasoconstriction resulting in an intestinal ischaemia-reperfusion injury that is known to occur during the course of severe acute pancreatitis [32, 33] . An intestinal ischaemia-reperfusion injury could potentially have altered the mesenteric lymph composition and confounded our results.
Collection of Mesenteric Lymph
After 90 minutes elapsed from the induction of pancreatitis, the duodenum and intestines were reflected to the left thus exposing the base of the mesentery. The mesenteric lymph duct was then cleared of surface peritoneum and fat. Silastic tubing (0.96 mm internal diameter, pre-soaked in 70% (v/v) ethanol, rinsed Milli-Q TM (Millipore, Billerica, MA, USA) water, 18 MΩ) was drawn through the right posterolateral abdominal wall using a 14g angiocatheter. The mesenteric lymph duct was cannulated with the silastic tube and secured in place with a drop of cyanoacrylate tissue glue (Aesculap Inc., Center Valley, PA, USA). The intestines were then returned to their original position and the abdomen closed. Mesenteric lymph was collected for the following 60 minutes. Collection was performed directly into sterile ice-cold siliconised Eppendorff tubes pre-loaded with protease inhibitors (final: 16.7 µM bestatin, 8.3 µM pepstatin and 5 mM EGTA; Sigma Aldrich Pty Ltd, Castle Hill, New South Wales, Australia). We chose to use Eppendorf tubes preloaded with protease inhibitors to prevent any ex-vivo protein modification of the mesenteric lymph samples. At the end of the experiment the mesenteric lymph was centrifuged (1,700 g, 4°C, 10 min) to remove any cellular material then immediately stored at -80ºC until analysis.
Histology and Assays
At the end of the mesenteric lymph collection (150 minutes from the start of the experimental protocol), animals were euthanised for collection of organs and blood. A 1 cm 3 piece of the pancreatic tail was fixed (10% neutral buffered formalin, (NBF)), and histological severity scoring was performed by a blinded consultant histopathologist on 5 µm thick longitudinal paraffin sections using haematoxylin and eosin stain. Pancreatic histology was assessed using a published 5 point scale (from 0=normal to 4=severe) for each of the following criteria: leukocyte infiltration, pancreatic oedema, haemorrhage, fat necrosis, and acinar necrosis for a total score out of 20 [34] . A 5 cm length of small intestine, 20 cm from the caecum, was fixed (10% NBF) and histological severity scoring was performed by a blinded consultant histopathologist on 5 µm thick longitudinal paraffin sections using haematoxylin and eosin stain. The small intestine histology was assessed on a published 6 point scale (from 0, normal to 5, severe) for mucosal injury, inflammation and haemorrhage respectively for a total score out of 15 [35] . Biochemical assays were performed on rodent serum using a Roche/Hitachi MODULAR ® analytical system (Roche Diagnostics GmbH, Mannheim, Germany) in accordance with the manufacture's methods.
Depletion of the Major Proteins in Mesenteric Lymph
IgY immunoaffinity columns were used to deplete the most abundant proteins and enhance the detection of lower abundance proteins [36] . In this study, the expected major abundant proteins of mesenteric lymph (albumin, IgG, fibrinogen, transferrin, alpha1-antitrypsin, and haptoglobin) were depleted using ProteomeLab IgY-R7 affinity spin columns (Beckman Coulter, Fullerton, CA, USA). Each of the samples from the 16 rats was individually depleted. The protein concentration of the mesenteric lymph samples was determined using the EZQ ® protein assay (Molecular Probes, Eugene, OR, USA). The depleted samples were concentrated by ultrafiltration using Vivaspin 4 concentrators with a 5 kDa polyethersulfone filter (Sartorius AG, Goettingen, Germany). 
LC-MS/MS Based Proteomics
STATISTICS
Protein abundance was calculated from the peptide summary data generated by ProteinPilot. Strict criteria were applied when calculating the protein abundance from peptide data -peptides identified as belonging to more than one protein were eliminated, and any spectra below the confidence threshold set by ProteinPilot were also eliminated. The remaining peak areas were log-transformed and, for each sample, average log peak areas were calculated from the spectra within each reporter region for every identified protein. . P values were adjusted for multiple testing using Benjamini and Hochberg's false discovery rate setting the expected proportion of false discoveries to 5% [43] . Changes in protein abundance with an adjusted P value less than 0.05 were considered significant. For non-proteomic data, such as histology scores and biochemical parameters, the non-parametric MannWhitney U test was used to derive statistical significance and two-tailed P value less than 0.05 was considered significant.
Bioinformatics
Proteins that were found to have a statistically significant difference in abundance between sham and acute pancreatitis conditioned mesenteric lymph were then further analysed for functional and biological relevance. With the help of Gaggle [44] , an opensource Java software environment, and Gene Ontology (GO) provided free by the Gene Ontology Consortium (http://www.geneontology.org/index.shtml) [45] , these proteins were classified by their molecular function and cellular location.
ETHICS
This study was approved by the University of Auckland Animal Ethics Committee. All animals received humane care in keeping with the "Guide for Care and Use of Laboratory Animals (1996)" prepared by the National Academy of Sciences. 
0.009 Values listed are mean±SEM. P values derived using Mann-Whitney U test. Bilirubin and GGT had values below the lower limits of the assays.
RESULTS
Acute Pancreatitis Model
The taurocholate model produced acute pancreatitis with the expected elevation in serum amylase (3,829±302 U/L vs. 2,053±81 U/L; sham vs. acute pancreatitis, respectively; P<0.001) and serum lipase (4,377±1,088 U/L vs. 310±61 U/L; sham vs. acute pancreatitis, respectively; P<0.001) ( Table 1 ). The histology of the pancreas confirmed severe acute pancreatitis (Table 1 ). There was no significant difference between the two groups for histology of the intestine.
Mesenteric Lymph Proteomics
There were 245 proteins identified in mesenteric lymph from all the mass spectrometry runs (with and without depletion) that met the validity criteria. All of the proteins were identified in both experimental groups, and there were no proteins unique to either experimental group. A non-redundant list of these proteins is provided (Supplementary Table 1 ). Forty-seven of the 245 identified proteins (19.2%) were listed as potentially hypothetical proteins according to the International Protein Index (Rat database v3.27). These proteins were then subjected to a NCBI BLASTP analysis. Thirty-five proteins (14.3%) were confirmed as hypothetical but 12 proteins were not, being identical to other rat proteins (Supplementary Table 2 ). Nine of these 35 proteins were previously identified in a recent proteomic study of normal mesenteric lymph [27] but continue to be listed as hypothetical according to the International Protein Index (Rat database v3.27) (Supplementary Table 2 ). Prior to the immunoaffinity depletion, the 6 proteins removed by this process (albumin, fibrinogen, transferrin, alpha1-antitrypsin, IgG and haptoglobin) were investigated using mass spectrometry data and there were no statistically significant differences between the two experimental groups (Supplementary Table 1 ). There was a statistically significant increase in the relative abundance of 8 proteins in the mesenteric lymph of the acute pancreatitis experimental group after immunoaffinity depletion ( Table 2 ). An additional 2 proteins (hemoglobin beta chain complex and phosphoglycerate mutase 1) had changes in their relative abundance that approached significance (P<0.05 and an adjusted P<0.10). The 8 proteins that were significantly increased in acute pancreatitis conditioned mesenteric lymph were then classified by their cellular location and molecular function using the Gene Ontology classification system. Seven of the proteins were extracellular pancreatic enzymes and one was cytosolic ( Table 2 ). In regards to their molecular function, all 8 were catabolic enzymes and 4 were also ion binding ( Table 2 ). Of the 7 extracellular pancreatic catabolic enzymes, four had peptidase activity (carboxypeptidase B1, chymotrypsinogen B, carboxypeptidase A2 and cationic trypsinogen), one had ester hydrolase activity (pancreatic lipase), one had endoribonuclease activity (ribonuclease), and one acted on glycosyl bonds (pancreatic amylase 2). The results of the specific biochemical assays performed for albumin, pancreatic amylase and lipase in mesenteric lymph are consistent with the LC-MS/MS findings. Albumin was not different between the two groups (mean±SEM; 14.7±2.8 g/L vs. 14.0±1.8 g/L; acute pancreatitis vs. sham, respectively; P=0.867) while both pancreatic amylase (7,024±2,079 U/L vs. 901±196 U/L; acute pancreatitis vs. sham, respectively; P<0.001) and lipase (1,424±367 U/L vs. 272±132 U/L acute pancreatitis vs. sham, respectively; P=0.036) were significantly increased.
DISCUSSION
This study provides the first comprehensive description of the changes that occur in the proteome of mesenteric [7, 26] with acute pancreatitis. In addition to confirming the presence of these three catabolic enzymes, we report for the first time the presence of ribonuclease 1, carboxypeptidase B1, chymotrypsinogen B and carboxypeptidase A2 in acute pancreatitis conditioned mesenteric lymph. The most abundant protein class identified in normal mesenteric lymph was previously reported to be protease inhibitors [27] . It is striking that despite a substantial increase in the relative abundance of proteases in acute pancreatitis conditioned mesenteric lymph identified here, there was no concomitant rise in relative abundance of protease inhibitors. A study published in 2008 by Mole et al. used two different proteomic techniques to investigate acute pancreatitis conditioned mesenteric lymph [9] . The SELDI-TOF (surface-enhanced laser desorptionionization time-of-flight mass spectrometry) technique generated spectra that differentiated acute pancreatitis conditioned mesenteric lymph from sham mesenteric lymph, but this could not perform identification of individual proteins [48] . In a separate experiment they used 2D-PAGE (two-dimensional gel electrophoresis) to identify just 4 proteins (transferrin, haptoglobin, alpha1-protease inhibitor and apolipoprotein A1) that showed a relative increase or decrease in acute pancreatitis conditioned mesenteric lymph. Using these techniques it was not possible for Mole et al. to demonstrate any numerical fold change data or statistical measures of significance. If immunodepletion had been used to deplete the major abundant proteins prior to 2D-PAGE it might have been possible to achieve a higher level of resolution and identification of additional protein changes. Another limitation of the study by Mole et al. [9] is that mean arterial pressure was not controlled. This raises the possibility that the reported proteomic changes in acute pancreatitis conditioned mesenteric lymph might have been due, at least in part, to concomitant hypotension and intestinal ischaemia. Pancreatic enzymes contribute to the development of distant organ injury and MODS by the proteolytic cleavage of cellular membranes and extracellular proteins, and by activating leucocytes to generate reactive oxygen species (ROS) [49, 50, 51, 52, 53]. Pancreatic proteases are also thought to contribute to the generation of ROS by the limited proteolytic conversion of the enzyme xanthine dehydrogenase to xanthine oxidase (XO) [54] . In the oxidase form, this enzyme produces the superoxide anion and thus generates ROS [55] . It is recognized that pancreatic proteases are not the only factor responsible for the development of MODS in acute pancreatitis. Pancreatic amylase has also been implicated as a potentially toxic factor. It is now thought that high levels of pancreatic amylase disrupt the binding of tissue XO by hydrolyzing the internal alpha1-4 linkages of some of the glycoproteins present in the extracellular space. Once mobilized, XO is able to concentrate in distant organs with low intrinsic XO activity and produce ROS contributing to organ dysfunction [56] . There is evidence that pancreatic enzymes contribute to the toxicity of mesenteric lymph in acute pancreatitis and other critical illnesses. In a human study of severe acute pancreatitis, diversion of trypsin rich thoracic duct lymph reduced lung injury [26] . In the setting of haemorrhage it was found in animal models that shock conditioned mesenteric lymph caused neutrophil dysfunction [14, 15] 
One of the challenges of proteomics is that high abundance proteins mask low abundance proteins when compositional analysis is attempted. This problem was addressed in the present study by the immunodepletion of the highly abundant proteins using a validated method [36, 62, 63, 64, 65] . Unfortunately, unintentional protein loss inevitably occurs during immunodepletion because of non-specific binding to the column, specific binding to immunoglobulin with structural homology to the proteins being depleted, and/or binding to the proteins that are being depleted [36, 62] . Given the modest amount of lymph that can be collected from a rat during the experimental protocol (750-1,000 µL), only 10-20 µL of the original sample is left after immunodepletion and LC-MS/MS for further evaluation thus prohibiting further analyses by complementary gel-based proteomic methods. The protein fraction of mesenteric lymph is unlikely to contain all of the factors responsible for the toxicity found in acute pancreatitis and other critical illnesses, although it has been found to be more toxic than the lipid fraction [8] . Delineating the composition of the lipid fraction of acute pancreatitis conditioned mesenteric lymph is the focus of further studies.
CONCLUSION
This is the first comprehensive description of the proteome of mesenteric lymph conditioned by acute pancreatitis. It has demonstrated a significant increase in the relative abundance of 8 proteins amongst the 245 proteins identified using state-of-the-art iTRAQ TM based LC-MS/MS techniques, 7 of which are secreted pancreatic catabolic enzymes. This study provides a clear rationale for further research to investigate the efficacy of enteral protease inhibitors in the treatment of acute pancreatitis. 
